A B S T R A C T Thyroxine-binding alpha globulin (TBG) in human serum was isolated from Cohn fractions IV-5,6 and IV-4 by (1) chromatography on carboxymethyl (CM) cellulose, (2) gel filtration on Sephadex G-200, (3) chromatography on diethylaminoethyl-Sephadex, (4) a novel procedure of "double-gel" electrophoresis, and (5) preparative polyacrylamide gel electrophoresis.
The protein was homogeneous by analytical disc gel electrophoresis, immunoelectrophoresis, and ultracentrifugal analyses (sedimentation velocity and sedimentation equilibrium), and after addition of thyroxine-'lI showed a constant specific radioactivity on polyacrylamide electrophoresis. The sedimentation and diffusion coefficients were s20 w, 3.0 x 10-13 sec, and D2ow, 8 .05 X 10-' cm' sec-1, and the molecular weight obtained by sedimentation equilibrium was 36,500. Gel filtration studies on Sephadex G-200 demonstrated that the protein had the same elution volume as that of native TBG in serum, apparently excluding the possibility of a subunit of the native protein. Chemical composition was ascertained by amino acid and carbohydrate analyses. The maximal thyroxine (T4)-binding capacity measured by reverse flow paper electrophoresis was 15,000 sAg per g of protein, representing more than 2100 times that of the starting material, or about 5000 times that of whole serum. Based on the molecular weight obtained, the TBG preparation could bind 0.7 mole T4 per mole of protein, suggesting a single binding site. The association constant for T4 was estimated to be of the order of 1010 by competitive binding studies employing TBG and T4-binding prealbumin (TBPA). INTRODUCTION Thyroxine-binding alpha globulin (TBG)' is the major carrier of thyroid hormone among the three protein carriers (TBG, thyroxine-binding prealbumin, and albumin) in human serum, yet its concentration would appear to be less than 2 mg per 100 ml (1) . Recent studies have demonstrated by immunoprecipitation (2) and electrophoresis (3, 4) , that this protein binds approximately 75% of thyroxine (T4) in normal serum, indicating a more important role in T4 transport than previously assumed. To investigate the physical and chemical characteristics of the protein, TBG was purified to a homogeneous state.
A few previous reports (5-9) described purification of this protein from human serum, employing anion exchange chromatography and electrophoresis at alkaline pH. In the present study, however, further purification has been achieved by new procedures which utilized the isoelectric point of approximately pH 4, possessed by TBG (10) .
The final preparations satisfied many criteria for homogeneity so that investigation of the molecular characteristics of the protein could be carried out.
EXPERIMENTAL PROCEDURE Materials
Cohn fractions IV and IV-5,6 of human serum were kindly supplied by Mr. L. H. Larsen, Senior Chemist, Department of Public Health, State Laboratory Institute, Boston, Mass. The human serum albumin was Squibb's lot 2077, obtained through the Red Cross. After purification by preparative polyacrylamide electrophoresis the albumin was 1 Abbreviations used in this paper: BEI, butanol extractable iodine; CM, carboxymethyl; T3, triiodothyronine; T4, thyroxine; TBG, thyroxine-binding alpha globulin; TBPA, T4-binding prealbumin; TEMED, tetramethylethylenediamine.
shown to be free of TBG on reverse flow paper electrophoresis.
Solutions of "2I-labeled and ...I-labeled L-thyroxine in 507o propylene glycol with 0.2% cysteine were purchased from Abbott Laboratories, North Chicago, Ill. The extent of radioactive contamination was assessed by descending paper chromatography (11) and most labeled T4 shipments contained less than 2%o triiodothyronine (T3) and less than 5%o iodide. Nonradioactive sodium L-thyroxine pentahydrate with measured water content was obtained from Mann Research Laboratories, Inc., New York. The stable T4 contained approximately 0.5% T3 by displacement analyses and double label studies (11, 12) .
Carboxymethyl (CM) -cellulose (Whatman CM 11, capacity 0.6 mEq/g) was obtained from Reeve Angel & Co. Inc., Clifton, N. J., and Sephadex G-200 and DEAE-Sephadex A-50 (capacity, 3.5 mEq/g) were purchased from Pharmacia Fine Chemicals, Inc., Piscataway, N. J. Acrylamide and bisacrylamide (N, N'-methylene bis acrylamide) were obtained from Eastman Organic Chemicals, Inc., Rochester, N. Y. and recrystallized from acetone before use. All solutions were made with deionized water. The various chemicals used were reagent-grade materials purchased from chemical suppliers.
Methods
Powdered fraction IV-5, 6 was dissolved at 5 g per 100 ml in 0.001 M phosphate buffer at pH 7.4, and mixed overnight at 4'C. The supernatant, separated by centrifugation, was dialyzed against 0.075 M acetate buffer at pH 5.0, and the precipitate discarded. Fraction IV-4 was prepared from fraction IV by Cohn's method as summarized by Hughes (13 Carboxymethyl (CM)-cellulose chromatography. The CM-cellulose was treated initially (or reactivated after each use) by a batch method employing successive washes of 0.5 M NaOH, 95%o ethanol, 0.5 M HCl, and 0.3 M sodium acetate at pH 5.0, followed by suspension in the starting buffer, 0.075 M acetate at pH 5.0. The cellulose, suspended in the acidic acetate starting buffer, was packed by gravity in a 4.5 X 65 cm cold water-jacketed column, and equilibrated with 2 liters of the buffer just before use. 70-100 ml of fraction IV-5,6 or IV-4 solutions (2.7-4.6 g of protein, enriched with a tracer amount of T4-5I, usually 4-5 ng) was applied to the column, and eluted with 1.5 liters of the starting buffer. The effluent was collected in 15-ml fractions. After this "overflow" chromatography, the column was washed with 2 liters of 0.3 M sodium acetate buffer at pH 5.0 to elute the remaining proteins which were discarded, after which the CM-cellulose was washed for further use.
Gel filtration on Sephadex G-200. Sephadex G-200 columns were prepared by Porath's method described in reference 14. After removal of fine particles by decantation, the gel was suspended in 0.05 M NaCl solution, and packed by gravity with 15-17 cm of hydrostatic pressure in a SephadexT column (Pharmacia Fine Chemicals, type K 25/100) of 2.5 X 100 cm equipped with an upward flow adapter. After settling of the gel bed (height of gel column 90 cm) and washing with about 1 liter of 0.05 M NaCl solution, the flow was switched to an upward direction, utilizing a peristaltic pump at a flow of 9-12 ml per hr. The gel column was washed with 5 bed volumes of 0.05 M NaCl solution, and its efficiency for protein separation was tested by the elution pattern of applied human serum. Pooled and concentrated peaks from 5 to 15 CM-cellulose columns were combined in a volume of 10-15 ml (2-3 g per 100 ml) and applied to the Sephadex column. The eluate was collected in 3-ml fractions.
Diethylaminioethyl (DEAE)-Sephadex chromatography.
DEAE-Sephadex (A-50) was prepared according to the manufacturer's instructions. The gel freed from fine particles was suspended in 0.10 M NaCl-0.05 M Tris-HCl at pH 8.0 (starting buffer) and degassed. The gel was packed by gravity in a Sephadex® column of 2.5 X 45 cm (Pharmacia, type K 25/45), followed by washing with 5 bed volumes of the starting buffer. After dialysis against the starting buffer, 300-400 mg of protein from the previous step was applied to the column and eluted by means of a linear chloride gradient established by connecting two open cylindrical liter bottles, one a magnetically stirred mixing chamber containing 800 ml of starting buffer and the other a reservoir cylinder with 800 ml of 0.18 M NaCl -0.05 M Tris-HCl at pH 8.0 (limit buffer). The rate of flow was 30-40 ml per hr, and the effluent was collected in 10 ml fractions.
In some instances a second DEA-Sephadex A-50 step was carried out after "double gel" electrophoresis (below 3 /ig per g of serum protein because of a mean serum total protein concentration approximating 7 g per 100 ml. The starting material actually employed for the first step was Fraction IV-4 or IV-5,6 which was found to have 1.5 to 3 times the binding capacity of normal serum per gram protein.
Interaction between TBG and albumin and competitive binding of T4 between TBG and TBPA were studied using the paper electrophoresis procedure. A purified TBG preparation with a tracer amount of added T4-131I was diluted in glycine acetate buffer or in albumin solutions of various concentrations. Electrophoresis was performed in the same way as described above, followed by scanning for the distribution of radioactivity.
Binding affinity of TBG for T4 was determined by competitive binding of a tracer amount of T4-11 between purified TBG and purified TBPAa with known maximal binding capacity. The effect of added albumin on T4-binding affinity was also studied. According to the law of mass action, the association constant (K) of a T4-binding protein is expressed by the following equation (1, 4) 
RESULTS

Purification of TBG
TBG was purified from Cohn Fractions IV-5,6 and IV-4 of human serum. A summary of the methods is shown in Table I .
The Cohn fractions in 0.075 M sodium acetate buffer at pH 5.0 were labeled with a tracer amount of T4-'I (0.18-0.36 iCi, 4-5 ng of T4 per 100 ml) before purification. Thereafter, no T4-'«I was added to avoid oversaturation of TBG.
CM-cellulose chromatography. The first step, an overflow phenomenon, carried out at pH 5.0, allowed the CM-cellulose column to retain 95-97% of the protein of starting material, while 60-70% of the radioactivity ran through with the elution buffer. The radioactive peak with high specific activity was pooled and concentrated by ultrafiltration (with membrane Diaflo®, UM-10, Amicon Corp., Lexington, Mass.). Maximal binding capacity of the pooled fraction was about 78 ig T4, per g of protein, and analysis by disc electrophoresis indicated removal of substantial amounts of alpha and beta globulins.
Gel filtration on Sephadex G-200. The pooled, concentrated peaks obtained from 5 to 15 CM-cellulose columns were combined in a volume of 10-15 ml (2-3 g protein per 100 ml), and after dialysis against 0.05 M NaCl, the solution was applied to the column of Sephadex G-200. The elution pattern of a typical experiment is shown in Fig. 2 . Approximately 80% of the radioactivity and 20-25% of the protein applied were recovered in the TBG area. Maximal binding capacity of the pooled fraction was approximately 244 /tg T4 per g, and analysis by disc electrophoresis showed that most of alpha and beta globulins were removed, although a considerable amount of albumin was still present. DEAE-Sephadex (A-50) chromatography. The pooled TBG preparation obtained by gel filtration was applied to a column of DEAE-Sephadex A-50. The elution pattern of a typical experiment (see Methods section for details) is shown in Fig. 3 . TBG was eluted mainly from 0.15-0.18 M chloride at pH 8.0. The major peak (tubes 55-80) represented 50-55% of the radioactivity and 10% of the protein of the sample applied. The pooled major peak had a maximal TBG capacity of 1586 Ag T4 per g and showed two bands in disc gel electrophoretic analysis (Fig. 4) . In addition to the major peak there was, almost always, a small hump (tubes 81-95 of Fig. 3 ) which was not completely characterized owing to failure to obtain sufficient protein $ These values were calculated using the recoveries of radioactivity and optical density. material to date. Whether this hump was due to microheterogeneity of native TBG or denaturation in the course of handling, remains to be determined in the future.
"Double gel" electrophoresis. This procedure utilizes the negative charge TBG possesses at pH 4.5 or below. An upper gel at pH 4.0 was placed above a pH 8.6 resolving gel, and two electrophoretic runs were carried out with different upper and lower buffers (Fig. 1) . In the first run with an upper buffer of pH 4.5, TBG had sufficient negative charge to enter the upper gel whereas most of the other proteins, including all the albumin, were excluded and recovered from the upper electrode buffer. The acidic buffer was then replaced by pH 7.4 buffer, and electrophoresis resulted in a single major band of protein (Fig. 4) . The TBG fraction obtained contained approximately 15% of the protein and 60% of the radioactivity of the total applied. Maxi- (Fig. 4) . Second DEAE-Sephadex (A-50) chromatography. To obtain maximal purity, the TBG fraction obtained from double gel electrophoresis was occasionally subjected to rechromatography on a small column of DEAESephadex, employing a similar chloride gradient to that described in the Methods section. Approximately 76% of radioactivity and 38% OD applied was recovered in the TBG area.
Polyacrylamide gel electrophoresis. The final step of purification was preparative discontinuous polyacrylamide electrophoresis. The elution pattern of a typical experiment is shown in Fig. 5 . Approximately 72% of radioactivity and 72%OD applied were recovered in TBG area. The major portion of the TBG exhibited constant specific activity, suggesting homogeneity of the preparation obtained (Fig. 5) . The leading and trailing edges of the peak were added to a subsequent preparation from double gel electrophoresis, and reelectrophoresed to recover some additional TBG. Maximal binding capacity of the purified TBG was 14,740 /ig T4 per g and disc electrophoretic analysis indicated a distinct single band of protein (Fig. 4) .
As suggested by the tubes depicted in Fig. 4 , a stained TBG band could be visualized readily after the initial (double gel) electrophoresis. This is not the same as the stained band after the initial step of DEAE-Sephadex which was produced principally by inert components as evident from the specific activity (Table I) . On conventional paper electrophoresis at pH 8.6 in the glycine acetate system, partially purified TBG was clearly evident in a stained band of protein. Despite the appearance of a single TBG band in Fig. 4 , careful visual inspection invariably revealed additional extremely faint bands which cannot be seen in the figure. It was for this reason that a second polyacrylamide gel electrophoresis was necessary, and, in addition, the second DEAE-Sephadex chromatography was advisable. Only after the final electrophoretic procedure was it possible to obtain a single TBG band without the other faint bands noted above. Under these circumstances visual identification of a single TBG band was corroborated by the finding of more than 98% of stained protein FIGURE 7 Sedimentation velocity patterns of TBG. The speed was 56,000 rpm; temperature 20°C; the six patterns illustrated are from photographs taken after 18, 26, 34, 42, 58, and 74 min of centrifugation. in this band on determination of density by Chromoscan®.
Sedimentation analyses. Sedimentation equilibrium demonstrated a linear relationship between log y and r' (Fig. 6) 8 Immunoelectrophoresis of TBG. The upper portion of the figure illustrates the lack of any arc when purified TBG #64 was run with antiserum against whole serum which produced the usual large number of arcs with whole serum. In contrast, antiserum against partially purified TBG (after DEAE-Sephadex chromatography) yielded several arcs with whole serum but only a single arc with purified TBG #64. T4-mI had been added to all the protein solutions studied and radioautographs were made. The radioautograph below illustrates darkening due to radioactivity in the single TBG arc only, confirming the identification as TBG.
ophilized TBG which had been dried for at least 18 hr in a desiccator over P205.
The isoelectric point given represents the best information available from the direction of migration on paper at low pH. At pH 4.0, TBG moved toward the anode, but it migrated toward the cathode at pH below 3.7. In the range of pH 3.7-3.9 the protein remained at the origin or had very slight mobility. More definitive investigation by isoelectric focus has not as yet been carried out, but the estimated isoelectric point of 3.8 was considered correct to within the nearest 0.1 unit. Such a value would be compatible with the behavior during double gel electrophoresis in that TBG entered the upper gel which contained beta alanine-HCl buffer at pH 4.0, whereas most of the remaining serum proteins were excluded from this gel, and appeared in the supernatant fluid which exhibited foaming at the end of the first step.
Immunoelectrophoretic studies. Immunoelectrophoresis of purified TBG also provided evidence for homogeneity of the preparation. Thus purified TBG showed a single precipitation arc in a position between alpha 1 and alpha 2 globulins (Fig. 8) . Radioautography of the preparation demonstrated that the precipitation arc was precisely superimposable upon the darkened area containing T4-'3I bound to TBG (Fig. 8) . Therefore, it was concluded that the single precipitin arc contained TBG itself.
Amino acid analysis. The amino acid composition of the purified TBG is shown in Table III . Tryptophan content was determined separately by the method of Bencze and Schmid (24) . The results differed somewhat from the previous reports (7) (8) (9) .
Carbohydrate analysis. Carbohydrate analyses performed after methanolysis and after acid hydrolysis gave results (Table IV) differing from previous reports (7, 8) . The carbohydrate content approximates 15% by weight.
Gel filtration studies on purified TBG. The molecular weight obtained for TBG was 36,500, differing considerably from previous results (7) (8) (9) . The discrepancy raised a question as to whether the TBG obtained might be a subunit of the molecule as it exists in serum. Gel filtration studies on Sephadex G-200 demonstrated that t Determined separately by spectrophotometry (24) .
the purified TBG showed the same elution volume as that of native TBG in serum, apparently excluding this possibility (Fig. 9) . The radioactive peak in the top panel of Fig. 9 emerged slightly ahead of the optical density peak of albumin, which would signify a higher molecular weight than that of albumin if TBG were a carbohydrate-free "typical" globular protein. However, the atypical behavior of glycoproteins during gel filtration on Sephadex G-200 columns has been studied in detail by Andrews (26) with a description of apparent molecular weights on gel filtration considerably in excess of those determined by ultracentrifugation. Since TBG has a carbohydrate content approximating 15%, such behavior would not be unexpected.
Interaction between TBG and albumin Paper electrophoresis of purified TBG with and without added albumin. Studies by reverse flow paper electrophoresis suggested the possibility of interaction between TBG and albumin (Fig. 10) . For reference, the radioactive scan of normal serum is shown with TBG in its usual position between alpha 1 and alpha 2 globulins. A preparation of partially purified TBG showed a slightly but significantly faster mobility. When this was diluted 1: 3 with buffer, the mobility became greater than that of albumin. At this dilution, with protein concentration of 56 /g per ml, the maximal binding capacity was 25 4g T4 per 100 ml, slightly above that of normal serum. This diluted preparation with an added equimolar amount of albumin showed the same mobility as that of TBG in serum. The result raised the possibility of interaction between TBG and albumin. FIGURE 9 Gel filtration by Sephadex G-200. The method employed was the same as that previously described for the second step of the protein fractionation procedure except that 5 ml of serum or TBG solution enriched with T4-5I was applied to the column and potassium phosphate buffer, pH 7.4, was used for elution. The radioactive peak of diluted TBG has the same elution volume as that of native TBG in serum. Estimation of association constant of TBG for T4 with and without added albumin. Thyroxine-binding affinity was estimated by competition using pure TBPA with and without added albumin (Fig. 11) . With the addition of albumin, the association constant of the purified TBG for T4 was 50.9 times that of TBPA and was estimated to be 1.17 X 1010 M'1 if 2.3 X 10 M-1 (2, 4) was taken as the association constant of TBPA for T4. However, the value would be 8.1 X 108 M-1 if 1.6 X 107 M1 (27) , which was obtained from purified TBPA, was employed for the calculation. In the absence of albumin, the binding affinity of TBG appeared to increase 2-3 times that of the TBG preparation containing albumin, despite the same maximal binding capacity. Therefore, it was inferred that T4-binding affinity of TBG may be affected by protein-protein interactions.
For present purposes, it appears reasonable to consider that the association constant is of the order of 10W-1010, pending the performance of equilibrium dialysis studies when sufficient purified protein is available.
The (28) . The pH gradient which arose within the gel could accelerate the movement of TBG into the gel (Fig. 1) , and the second electrophoresis using alkaline buffers made it possible to elute TBG in [18] [19] [20] (7) and by Giorgio and Tabachnick (8) . Seal and Doe (7) reported that a slow sedimenting material was present and increased in relative amounts with dilution of the TBG preparation, suggesting a dissociation of the protein. However, no dissociation was reported in the TBG preparation of Giorgio and Tabachnick (8) . The present TBG demonstrated no concentration-dependent behavior at concentrations ranging from 0.02 mg to 11.2 mg per ml in ultracentrifugal studies. In view of the findings on ultracentrifugation and the gel filtration studies shown in Fig. 9 , the possibilities of dissociation or polymerization of the protein appear unlikely.
The brief report of Seal and Doe (7) gave a sedimentation coefficient of 3.6S and an estimated molecular weight of 59,000. Recently, Giorgio and Tabachnick (8) reported that the sedimentation constant of their TBG preparation was 3.92S and the molecular weight was estimated to be 58,000. The amino acid and carbohydrate compositions were, however, considerably different from those of Seal and Doe (7) . The smaller molecular weight in the present report raised the question of whether our purified TBG could be a subunit. This suggestion is not supported by the results of gel filtration on Sephadex G-200 which demonstrated that the purified TBG emerged at the same position as the native TBG in serum (Fig. 9) . Tata (6) described a partially purified TBG preparation which had S20ow of 3.5S and a molecular weight of 40,000 to 50,000. Ingbar, Dowling, and Freinkel (5) also reported a partially purified TBG preparation, which had s20, of 4.1S. On the other hand, Petermann, Robbins, and Hamilton estimated from ultracentrifugal studies of whole serum labeled with T4-131I, that the sedimentation coefficient, S2o,0 was 3.3S (29) and the molecular weight would be about 50,000 although it could range from 30,000 to 1,000,000, depending on the molecular shape (30) . The present findings of s20o, of 3.OS and molecular weight of 36,500 would seem to be a quite satisfactory agreement with those of Petermann, Robbins, and Hamilton (29) .
Recently, Marshall and Pensky (9) reported relatively simply procedures using two column chromatographies on DEAE-cellulose and DEAE-Sephadex to obtain a TBG preparation (S20o,, 3.91; mol wt, 54,000) which was probably similar to that of Giorgio and Tabachnick (8) (s2o,., 3.92; mol wt, 58,000). It is entirely possible that these preparations contained considerable amounts of inert material. This is our presumption since we have been unable to obtain very high maximal binding capacities of TBG with two DEAESephadex fractionations alone.
The final TBG preparation obtained in the present work showed a constant specific activity in preparative disc gel electrophoresis (Fig. 4) , indicating homogeneity. Further evidence of homogeneity was provided by the single band on analytical disc electrophoresis as well as the single arc on immunoelectrophoresis. The findings illustrated in Fig. 8 revealed the failure of the appearance of any precipitin arc when a purified TBG was run with antiserum against whole serum, owing to insufficient anti-TBG antibodies in such an antiserum. Conversely, although several arcs were observed with whole serum run with antiserum against partially purified TBG, none of these arcs corresponded precisely to the actual TBG precipitin arc, seen with the purified preparation and confirmed by its correspondence with the arc on radioautography. The failure of appearance of such an arc from whole serum was ascribed to the low concentration of TBG in normal human serum, estimated to approximate 1.0 mg per 100 ml. In other work reported separately (32), a visible precipitin line was readily produced by double immunodiffusion (Ouchterlony) employing larger amounts of normal serum and antiserum in each well.
The studies suggesting an interaction between TBG and human serum albumin illustrated in Figs. 10 and 11 are regarded as suggestive rather than conclusive evidence. The slightly faster mobility of a dilute TBG preparation was increased still further upon threefold dilution with buffer, but the mobility was restored to that of TBG in serum upon addition of an equimolar amount of albumin. The possible artefact of adsorption of purified TBG to the paper, especially at low concentration, could conceivably give a false indication of "faster" electrophoretic mobility under the circumstances of the reverse flow electrophoretic method. However, the possibility of such an artefact was considered less likely than the occurrence of a proteinprotein interaction. When a diluted TBG solution was kept for prolonged periods, particularly in the liquid state, an increasing amount of fast moving TBG was formed, and this could not be changed to TBG of normal mobility by the addition of albumin. Moreover, the glycine acetate system used in these studies tends to minimize adhesion to paper. Further suggestions of a protein-protein interaction are provided by the findings illustrated in Fig. 11 , as well as the recent report from this laboratory concerning the behavior of TBG during starch gel electrophoresis (32) . An additional instance of an interaction between a thyroxine binding protein and another protein molecule is provided in the recent work of Kanai, Raz, and Goodman, illustrating the interaction between prealbumin (TBPA) and retinolbinding protein to form a complex in a molar ratio of 1:1 (27, 33) .
Nevertheless, during ultracentrifugation and gel filtration, there was no evident association of TBG with another protein molecule. At present, it would be premature to draw conclusions until more definitive work can be done concerning the conformation and binding properties of TBG in the presence and absence of albumin.
Recently, Dr. W. Wardle Fullerton, working in the laboratory of Professor Barbara W. Low at Columbia University, has grown crystals of our TBG from aqueous alcoholic solution at pH 8. After the solution had been standing at room temperature for 4 days the crystals, approximately 30 /i long, were observed. This has raised the possibility of obtaining further information about the structure of this protein by X-ray crystallography, which should be facilitated by the four iodine atoms possessed by the ligand, thyroxine.
